Based on first-principles calculations, we investigated the topological transport properties of Mn3GaN with coplanar noncollinear magnetic structures. The intrinsic anomalous Hall conductivity (IAHC) displays a significant dependence with respect to the in-plane magnetization direction between the Γ5g and Γ4g magnetic configurations, where large anomalous Nernst effect (ANE) can be induced by tailoring the magnetization direction. Moreover, we observed strong piezospintronic effect in Mn3GaN, where large IAHC can be induced by moderate epitaxial strain. Symmetry analysis reveals that for both cases, the nonzero IAHC is originated from the spin-orbit coupling instead of the noncollinear magnetic configurations.
I. INTRODUCTION
Antiferromagnetic (AFM) spintronics has recently drawn intensive attention due to its advantages over the ferromagnetic (FM) counterpart.
11 For instance, due to the vanishing net magnetization, the AFM magnets have negligible stray fields on the neighbouring structures. Moreover, the AFM devices can operate in the THz range, 7, 11, 23, 32 which is much faster than the ferromagnetic cases. It is therefore desirable to use AFM magnets, which are more abundant than the ferromagnetic materials, in spintronics applications. In general, AFM spintronics targets at either generating spin current or controlling the magnetization by means of electric voltage or current. 12 For instance, spin-orbit torque, which was firstly detected by Chernyshov 5 originated from the Edelstein effect 6 due to spin-orbit coupling (SOC), has been demonstrated to be able to manipulate the AFM magnetization direction by electric currents in CuMnAs. 29 This enables the possibility to engineer magnetic memory or logic units using AFM magnets in future spintronic applications.
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Regarding the generation of spin currents, magnetic materials with noncollinear magnetic structure is of particular interest. The Mn 3 X systems with X = Sn, Ge, Ir, Ga, Rh, and Pt have been proposed to host large intrinsic anomalous Hall conductivity (IAHC) and spin Hall conductivity (SHC), 4, 8, 15, 20, 35 which has been confirmed by recent experiments on Mn 3 Sn and Mn 3 Ge. 13 27 One interesting question is whether the nonzero IAHC or SHC is caused by the noncollinear magnetic structure, as argued in Ref. 20 or the SOC. The former mechanism leads to the so-called topological Hall effect (THE), which can get quantized as proposed in K 0.5 RhO 2 .
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In this work, we demonstrated that magnetic antiperovskite materials with noncollinear magnetic structures are interesting for AFM spintronic applications. Taking Mn 3 GaN as an example, our density function theory (DFT) calculations revealed two ways of inducing nonzero IAHC. Firstly, we observed that IAHC has a strong dependence with respect to the rotation of the magnetization direction, leading to finite IAHC and large anomalous Nernst effect. Secondly, nonzero IAHC can also be induced utilizing the piezomagnetic effect, 16 hereafter dubbed as piezospintronic effect. It is demonstrated explicitly that for both cases, the IAHC is not caused by the noncollinear magnetic structure but by the atomic SOC, due to the coplanar nature of the magnetic configurations.
II. NUMERICAL DETAILS
Our calculations are performed using the projector augmented wave (PAW) method as implemented in the VASP code.
14 The exchange-correlation functional is approximated in the generalized gradient approximation (GGA) as parameterized by Perdew-Burke-Ernzerhof.
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A Γ-centered 12×12×12 k-mesh and a 500 eV energy cutoff are used in all our calculations to guarantee good convergence. The valence electron configurations of 3d 6 4s 1 , 3d 10 4s 2 4p 1 and 2s 2 2p 3 are taken into account for Mn, Ga, and N atoms, respectively.
The equilibrium lattice parameters of the Mn 3 GaN are obtained by performing relaxation to the system. Our results reveal a cubic ground state with a = 3.864Å and magnetic moment of 2.39 µ B . This is consistent with the experimentally reported lattice constant value of 3.898Å, found in Ref. 2 as well as the calculated magnetic moment of 2.40 µ B . 16 The applied biaxial strain is performed by imposing values within ±4% of the lattice parameter c to the equilibrium lattice parameter c. Subsequently, several a and b are tested and the optimal ones are extracted by using a polynomial fitting to the energy curve obtained for each of the imposed c values.
To evaluate the IAHC, the DFT Bloch wave functions are projected onto the maximally localised Wannier functions (MLFW) following Ref. 18 . In our work, s, p and d orbitals for Mn and Ga atoms, and s and p for N atoms are projected, summing up to 80 MLWFs in total. In this paper, the IAHC was evaluated by integrating the Berry curvature according to the formula: 
with f (k) − µ being the Fermi distribution function, µ the fermi energy, n (m) the occupied (empty) Bloch band, n (k) ( m (k)) their energy eigenvalues and v α (v β ) the velocity operator. The integration was performed on a 240 × 240 × 240 kmesh using Wannier90.
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III. RESULTS AND DISCUSSION
A. In-plane rotation
The magnetic ground state of Mn 3 GaN is found to be of the Γ 5g -type (Fig. 1a) , i.e., with the magnetic moments of Mn atoms lying in the (111)-plane and aligned along the face-diagonal directions, which is 0.11 eV lower in energy than the ferromagnetic configuration. Moreover, considering SOC, the Γ 5g is about 0.5 meV per unit cell lower than the Γ 4g configuration where the magnetic moments are rotated by 90
• coherently in the (111)-plane (see Fig. 1a ). Actually, the energy versus the rotation angle of magnetic moments in the (111)-plane shows a typical sinusoidal behaviour. We note that the in-plane rotation of the Mn moments is energetically more favorable than the out-of-plane tilting as considered for Mn 3 Ir.
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For instance, explicit calculations reveal that an out-ofplane canting of 2
• degrees costs 1.1 meV for Mn 3 GaN. On the other hand, the magnetocrystalline anisotropy within the (111)-plane for Mn 3 GaN is enhanced compared to that of Mn 3 NiN, which is only about 0.15 meV. This can be attributed to the significant atomic SOC strength of Ga atoms compared to Ni. Nevertheless, it is realized that the magnetocrystalline anisotropy for Mn 3 Sn is only about 0.026 meV, though Sn is heavier, thus with larger SOC strength than Ga. We suspect that such a difference can be attributed to different crystalline structures, which requires further detailed investigation.
Interestingly, for the Γ 5g and Γ 4g magnetic configurations with competitive energies, the IAHC shows quite distinct behavior, as shown in Fig. 1b . Firstly, without SOC, the IAHC is zero, indicating that there exists no topological Hall effect caused by the coplanar noncollinear magnetic structure. Secondly, the IAHC is antisymmetric with respect to the magnetization direction, i.e., σ(M) = −σ(−M), though the total energies are the same for two magnetic configurations where the magnetization direction is rotated by 180
• . For the Γ 4g state, all three components of the IAHC are nonzero with the same magnitude after considering SOC. As a matter of fact, the finite IAHC can be induced by a finite rotation away from the Γ 5g configuration, reaching its maximum about 62 S/cm (for each componet) in the Γ 4g state (Fig. 1b) . In this regard, SOC plays an essential role in inducing finite IAHC in Mn 3 GaN.
Symmetry plays an essential role to understand the IAHC of Mn 3 GaN. In the absence of the SOC (and for coplanar magnetic configurations), the system is invariant under the R S T symmetry (effective T symmetry), which is the combination of the time reversal symmetry (T ) and spin the rotation (R S ). As a result, the Berry curvature, that transforms according to Ω a (k x , k y , k z ) = −Ω a (k x , k y , k z ), vanishes after integrating over the whole Brillouin zone, 26 leading to zero topological Hall effect (see the red curve of Fig. 1b) . In the presence of SOC though (and also for coplanar magnetic configurations), the effective R S T symmetry is broken and the presence of the IAHC depends on the symmetries each magnetic configuration possesses.
For the Γ 5g state with magnetic space group R3m (166.97), the M 110 (and similar) mirror symmetries are preserved.
Correspondingly, the Berry curvature transforms according to Ω xy (k x , k y , k z ) = −Ω xy (−k y , −k x , −k z ), leading to vanishing IAHC after integrating over the whole Brillouin zone. For magnetic configurations deviated from Γ 5g by a finite angle, the resulting magnetic space group is R3 (148.17) and there is no symmetry operation which prohibits finite IAHC. Moreover, as there is still three fold rotational symmetry by the (111)-axis, three components of the IAHC tensor are of the same magnitude. The results based on the symmetry analysis are fully consistent with our numerical values of IAHC, which is further confirmed by explicitly constructed conductivity tensors following Ref. 31 for the magnetic space groups R3m, R3m and R3 (Table I) . Similar behavior is observed in Mn 3 GaN by the others 9 and in Mn 3 NiN.
3
The IAHC tensor depends on the geometry of the measurements. The symmetry imposed tensor shape of the IAHC displayed in Tab. I assumes the standard Cartesian coordinates a|| 100 , b|| 010 and c|| 001 (hereafter referred as the "first basis"). However, different directions can be chosen in order to simplify the form of the IAHC tensor and make comparisons with the experiment more straightforward. As discussed above, the IAHC has three-fold rotational symmetry by the [111]-axis, leading to an IAHC tensor which is parallel to the [111]-axis. We calculated the IAHC tensor in the corresponding hexagonal geometry, i.e., a|| 110 , b|| 101 and c|| 111 axes. It is observed that there is only one nonzero component for the IAHC when the magnetic configuration is deviated from Γ 5g . For instance, a value of IAHC as large as 102 S/cm is obtained for the z||[111] component in the Γ 4g arrangement, corresponding to √ 3 times the σ x/y/z in the first basis, being consistent with the value of 96.3 S/cm calculated in Ref. 10 .
The IAHC, tunable by changing the magnetization direction, leads to significant anomalous Nernst effect. Based on the Mott relation, 1 each of the anomalous 
B. Piezospintronic effect
Detailed constrained calculations reveal the presence of piezomagnetic response in Mn 3 GaN in both Γ 5g and Γ 4g states. The change in the magnitude of the local magnetic moments influences the induced net magnetisation in the Γ 5g state. It is observed that, upon applied strain, the magnetic moments of all three Mn atoms stay within the (111) plane of the tetragonally distorted unit cell. However, the moments of the two Mn atoms on the side faces deviate from the Γ 5g arrangement by rotating by the 111 -axis, as sketched in the inset of Fig. 2c . As a result, the net magnetisation takes values as large as -0.04 µ B (0.03 µ B ) for c/a = 0.99 (c/a = 1.01) (see Fig. 2b ), being consistent with previous studies, the results of which (≈ 0.04 µ B )
16,34 match our outcome, suggesting that the magnetism has a very strong itinerant nature.
Regarding the Γ 4g state, it is observed that, upon applied strain, the magnetic moments of all three Mn atoms stay within the (111)-plane of the tetragonally distorted unit cell, similarly to the Γ 5g case. However, the moments of the two Mn atoms on the side faces deviate from the Γ 4g arrangement, both canting towards (against) the Mn atom at the basal plane, when tensile (compressive) strain is applied, as illustrated in the inset of Fig. 2d . A smaller tilt of -0.5
• (0.5 • ) as a response to -1% (1%) strain is observed, leading to a smaller induced net magnetisation of the order of ∓0.007 µ B for c/a = 0.99 and c/a = 1.01 respectively (see Fig. 2b ).
The reduction of the crystalline and magnetic symmetries leads to changes in the anomalous Hall conductivity. More specifically, a difference of around 5 S/cm in the absolute value of the σ yz = σ x and the σ zx = σ y components is observed as a response to ±1% applied strain in the Γ 5g state (see Fig. 2c ). This small deviation drastically alters when a larger strain is applied. In particular, an increase of 125 S/cm in the absolute value of same components is observed as a response to 3.5% applied compressive strain. The latter values of these two components are comparable to the 133 S/cm, calculated for Mn 3 GaN in Ref 35 , demonstrating that large IAHC values can be induced by applying strain to a system with negligible values in its ground state, dubbed piezospintronic effect. A significantly smaller response to strain is observed in the Γ 4g state, where a 3.5% applied compressive strain alters the value of σ x and σ y components by approximately 20 S/cm (from 40 S/cm to 60 S/cm) (see Fig. 2d ). The piezospintronic effect has been very recently observed in Mn 3 NiN (another member of the antiperovskite family), where changes of approximately 100 S/cm (from 200 S/cm to 300 S/cm) have been calculated as a response to 1.5% applied compressive strain.
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The calculated IAHC is determined by the magnetic space group and the underlying possessed symmetries of the unit cell. The applied strain (either tensile or compressive) in the pure Γ 5g state alters the magnetic space group from R3m (166.97) to C2/m (12.58). Consequently, the symmetries possessed in the latter space group, force σ x and the σ y to have finite values, being the additive inverse of each other and leading to the symmetrical curve displayed in Fig. 2c . On the other hand, the magnetic space group changes from R3m (166.101) to C2 /m (12.62) under applying strain, in the Γ 4g configuration, leading to identical σ x and σ y components (shown in Fig. 2d) . Our results agree with the symmetry imposed form of the AHC tensor for the magnetic space groups C2/m and C2 m , which were constructed using 
IV. CONCLUSION
Our first-principles calculations on the antiperovskite Mn 3 GaN reveal that the IAHC is driven by SOC not by the coplanar noncollinear magnetic structure, and it is further demonstrated that the IAHC can be manipulated by in-plane rotation of the magnetic moments or by imposing biaxial strain. For the Γ 4g configuration, the nonzero IAHC leads to significant anomalous Nernst effect. The (111)-heterostructures show only one nonzero IAHC component, consistent with detailed symmetry analysis, which can be tailored by in-plane magnetic fields. It is observed that compressive strain can induce more significant change of the IAHC, due to the larger deviation of the magnetic moments from the Γ 5g state. In practice, we suspect that the IAHC can be tuned by applying strain imposed by BaTiO 3 , as discussed in Ref 22 . Additionally, the spin hall effect and the magneto-optic Kerr effect (MOKE) consist two additional effects to be investigated in the magnetic antiperovskite family, leading to interesting spintronics applica-tions.
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